Mutations in the leukocyte NADPH oxidase that abrogate superoxide production result in chronic granulomatous disease (CGD), an inherited immunodeficiency associated with recurrent infections and inflammatory complications. 
Introduction
The leukocyte NADPH oxidase is a membrane-associated multisubunit enzyme that extracts electrons from NADPH and mediates their transfer across the membrane to molecular oxygen, thereby generating superoxide, which is the precursor to microbicidal ROS that are important for host defense against invading bacteria and fungi. Inactivating mutations in NADPH oxidase subunits that result in a complete loss of superoxide production cause CGD, an inherited immunodeficiency characterized by severe susceptibility to recurrent bacterial and fungal infections that are often life threatening. CGD is also associated with aberrant inflammation, not always related to infection, including granulomatous inflammation in multiple organs, such as the gastrointestinal and genitourinary tracts, and discoid lupus-like lesions on the skin [1] . Moreover, CGD mice lacking NADPH oxidase activity exhibit excessive inflammation in response to both microbial ligands and endogenous DAMPs [2] . These studies support the counterintuitive concept that NADPH oxidase-derived ROS are necessary for "dampening" inflammation. The underlying mechanisms are incompletely understood but include excessive proinflammatory cytokine production, as a result of altered redox regulation of signaling pathways [2, 3] . The importance of NADPH oxidase-derived ROS in regulating inflammation is further attested to by recent studies linking variant alleles of NADPH oxidase subunit genes to IBD and autoimmune disorders (reviewed in refs. [2, 3] ).
The NADPH oxidase is expressed in phagocytic leukocytes, where its activation results in a robust "oxidative burst" that participates in killing of fungal and bacterial pathogens. Soluble inflammatory mediators, microbial ligands, or opsonized particles trigger assembly of the active enzyme complex on plasma or phagosomal membranes. Following phosphorylationinduced conformational changes, cytosolic regulatory subunits p47 phox , p67 phox , and p40 phox , along with the GTPase Rac1/2, translocate to the membrane-localized flavocytochrome b, a heterodimer of the integral membrane proteins gp91 phox and p22
phox [4] . In addition, activation of PI3Ks leads to modification of membrane lipids that can positively regulate NADPH oxidase activity via PX domains in p47 phox and p40 phox .
The p40 phox subunit plays a specialized role in regulating intracellular NADPH oxidase activity via its PX domain, which binds with high affinity to PI(3)P [5, 6] . Arginine residues at positions 58 and 105 in the p40 phox PX domain are each critical for PI(3)P binding [7] . PI(3)P is largely generated by the class III PI3K Vps34 by phosphorylation of phosphatidylinositol on the 39 position to form PI(3)P on the cytosolic face of specialized intracellular membranes, including Rab5-positive endosomes, early autophagosomes, and phagosomes, where Vps34 is delivered by fusion with Rab5-positive endosomes just after particle internalization [6] [7] [8] . PI(3)P binding of p40 phox is essential for optimal NADPH activation, and mutations within the PX domain, resulting in loss of PI(3)P binding, cause significant reduction in intracellular ROS production [9] [10] [11] [12] [13] . Whereas the role of p40 phox is largely mediated via PI(3)P, PI(3)P-independent effects, important for full oxidase activation, are also reported, including phosphorylation of p40 phox on threonine 154 [10, 13, 14] . On phagosomes, p40
phox binding to PI(3)P promotes both NADPH oxidase assembly and enzyme activation via conformational effects and by positively regulating the association of other cytosolic subunits with flavocytochrome b [4] . Neutrophils or transgenic epithelial cells expressing p40 phox Arg58 or Arg105 mutants had normal plasma NADPH oxidase activity but defects in phagosome superoxide production [9, 11, 12, 15] . For example, murine neutrophils expressing p40 phoxR58A/2 exhibited reduced phagosome ROS in response to opsonized Staphylococcus aureus and IgG-opsonized particles, although zymosan or SOZ responses were minimally affected [10, 15] . Our group recently reported the only patient, to date, with autosomal-recessive mutations in the NCF4 gene coding p40 phox . This patient was a heterozygote for a frameshift mutation causing a premature stop codon and a missense mutation predicting a R105Q substitution in the PI(3)P binding domain [16] . Despite normal plasma membrane oxidase activity, patient neutrophils exhibited a profound loss of phagosome ROS production in response to IgG-coated latex beads, SOZ, serum-opsonized S. aureus, or zymosan [15, 16] .
The role of PI(3)P-p40 phox -regulated NADPH oxidase activity in the host response to microbial pathogens and inflammation is not fully understood. The above-mentioned patient presented with granulomatous colitis at the age of 3 yr [16] , a manifestation that also frequently develops in CGD patients with complete loss of NADPH oxidase activity, as a result of mutations in 1 of the other 4 phox subunits [1] . No other cases of p40 phox deficiency have been reported in multiple, large cohorts of CGD patients (see ref. [16] ). Hence, PI(3)P-p40
phox -dependent NADPH oxidase activity may be of more importance for regulating the host response to inflammation rather than infection, as plasma membrane and/or residual phagosome ROS may be sufficient for microbial killing. Intriguingly, a recent study of children with very early onset IBD identified multiple patients with hypomorphic variants in different NADPH oxidase subunits, including an NCF4 missense mutation that reduced p40
phox to binding to p67 phox [17] . Moreover, several genome-wide association studies linked NCF4 SNPs to adult-onset IBD [16, 18, 19] . Finally, an NCF4 SNP was strongly associated with a subgroup of rheumatoid arthritis patients [20] . However, direct experimental evidence showing that defects in this specialized NADPH oxidase subunit lead to enhanced inflammation is largely lacking. A prior study using p40 phox2/2 mice demonstrated severe disease in a model of dextran sodium sulfate-induced colitis, associated with enhanced neutrophil recruitment [21] . The interpretation of these results is complicated by the observation that neutrophils from p40 phox2/2 mice also have reduced expression of p67 phox , a subunit that is otherwise tightly associated with p40 phox , along with marked reductions in both neutrophil plasma membrane and phagosome NADPH oxidase activity [22] . NADPH oxidase activity in macrophages was not described, although these cells play important immunoregulatory roles during inflammation.
The goal of the current study was to investigate the role of PI (3)P-p40
phox -dependent regulation of NADPH oxidase activity in response to sterile inflammation. Sterile inflammation is triggered by cellular injury or stress and is an important component of many autoimmune diseases, trauma, ischemia, or toxic injury to tissues [23] . We took advantage of p40 phoxR58A/R58A mice, in which PI(3)P binding to the p40 phox PX domain is ablated. Neutrophils from p40 phoxR58A/R58A mice have levels of p67 phox and p40 phox that are compared with those in WT mouse neutrophils [9] , and we showed this was also the case for exudate macrophages. However, p40 phoxR58A/R58A macrophages had reduced NADPH oxidase activity on both plasma and phagosome membranes in response to IgG-opsonized particles. Impaired plasma membrane ROS production was also observed in response to a TLR2 agonist (Pam3CSK4) and to MSU crystals, a canonical DAMP. Thus, PI(3)P-p40 phox binding is an important regulator of NADPH oxidase activation in murine macrophages in response to select stimuli. Moreover, p40 phoxR58A/R58A mice exhibited increased peritoneal inflammation, following challenge with zymosan, MSU crystals, or sodium periodate, a mild oxidizing agent that induces local tissue injury and release of endogenous DAMPs. These results demonstrate that a selective loss of PI(3)P-p40 phox -dependent NADPH oxidase activity is sufficient to increase the magnitude of acute inflammatory responses in vivo. 2 ) was determined as described [25] .
MATERIALS AND METHODS

Mice
NADPH oxidase assays
Peritoneal exudate cells (10 5 ; 96 h postperiodate challenge) were plated in clear-bottom, 96-well, white plates and nonadherent cells washed off after 2 h. Adherent PEMs were rested overnight in IMDM with all additives as described [25] . Extracellular ROS was detected using 50 mM isoluminol (membrane impermeant) and 20 U/ml HRP [12] . Intracellular ROS was detected by lucigenin (150 mM) in the presence of 75 mg/ml SOD [26, 27] . Cells were stimulated with 300 nM PMA, 70 mg/ml zymosan, 70 mg/ml SOZ, or IgG-coated latex beads, used at a cell:bead ratio = 1:200, 1:20, or 1:2. After the addition of phagocytic stimuli, plates were spun at room temperature, 300 g for 1 min, and immediately placed in a SpectraMax L Luminometer (Molecular Devices, Sunnyvale, CA, USA) at 37°C. Responses to 10 mg/ml Pam3CSK4 (InvivoGen) or MSU crystals were also determined using lucigenin (150 mM), with or without SOD. Lucigenin chemiluminescence in the absence of SOD represents total ROS (extracellular and intracellular). Total integrated RLUs at 37°C were determined for 1 h using SoftMax Pro software (Molecular Devices). BCA assays were performed using unstimulated wells to verify similar numbers of macrophages for each genotype.
iNKT cell activation assays NKT hybridoma N38-2C123 or N37-1A12 cells (5 3 10 4 ), both kindly provided by Dr. Kyoko Hayakawa (Fox Chase Cancer Center, Philadelphia, PA, USA), were cocultured with 1 3 10 5 PEMs for 24 h at 37°C. IL-2 production in cellfree was measured by ELISA as described [28] .
Enumeration of apoptotic cells and efferocytic macrophages
Exudate cells, 72 h after periodate injection, were analyzed by examination of cytospins for apoptotic cells and macrophages undergoing efferocytosis, as described [25, 29] . 
Western blots
Statistics
Statistical analyses used GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). P , 0.05 was considered statistically significant. Details are included in each figure legend.
RESULTS AND DISCUSSION
PI(3)P binding to p40 phox is essential for regulation of ROS production in murine macrophages
Whereas the role of PI(3)P binding to p40 phox has been studied extensively in neutrophils, its function in the macrophage NADPH oxidase has not been characterized. Macrophages produce superoxide when stimulated with opsonized bacteria and other ligands and play instructive roles in initiation, as well as resolution of inflammation [30] . We first determined protein expression of NADPH oxidase subunits in WT, p40 phox2/2 , and p40 phoxR58A/R58A PEMs. The p40 phox and p67 phox subunits are tightly associated via their PB1 (Phox and Bem1) domains, and this association appears to be important for stability of each protein [4] . Genetic absence of either 40 phox or p67 phox leads to an ;2-fold reduction in expression of the other subunit in studies of mouse and human neutrophils [22, 31] . p67 phox expression was similarly reduced in p40 phox2/2 PEMs compared with WT PEMs (Fig. 1A) . However, p67
phox levels in p40
phoxR58A/R58A
macrophages were compared with p40 phox+/+ littermates and C57BL/6J (WT) control PEMs (Fig. 1A) . Thus, the R58A mutation does not affect p67 phox expression in p40 phoxR58A/R58A macrophages, as also reported for p40 phoxR58A/R58A neutrophils [22] . Under our culture conditions, unstimulated WT PEMs produced low yet detectable levels of ROS, which were largely NADPH oxidase dependent, as ROS detected for X-CGD PEMs was severely reduced (Fig. 1B) . These basal levels of ROS also required p40
phox and an intact PI(3)P-binding PX domain (Fig.  1B) . Interestingly, most of this activity was SOD sensitive, suggesting that basal ROS release by macrophages reflected PI (3)P-regulated plasma membrane NADPH oxidase activity.
We next examined the role of PI(3)P-dependent activation of the macrophage NADPH oxidase in response to the soluble agonist PMA, which strongly activated the NADPH oxidase, resulting in high levels of extracellular ROS release by WT p40 phoxR58A/R58A and p40 phox2/2 PEMs (Fig. 1C) ; little, if any, intracellular ROS was detected (Fig. 1G) . Hence, similar to neutrophils, there appear to be little roles for p40 phox and its binding to PI(3)P in macrophages for PMA-induced NADPH oxidase activity on the plasma membrane. More profound defects in NADPH oxidase activity in p40 phox mutant macrophages were seen in response to zymosan, SOZ, and IgG-coated latex beads. Plasma membrane and phagosome (intracellular) ROS production were severely reduced in p40 phox2/2 PEMs in response to each of these agonists, whereas loss of PI(3)P binding to p40 phox had a more selective effect ( Fig.   1D -J). Both plasma membrane and phagosomal ROS were significantly lower in p40 phoxR58A/R58A macrophages stimulated with IgG-coated beads (1:200 macrophage:bead ratio) compared with WT macrophages (Fig. 1F and J) . We also evaluated responses to smaller numbers of IgG-coated beads (1:20 and 1:2) to control for potential effects of "frustrated phagocytosis" that might occur if there were aggregated beads at the 1:200 ratio. We found a consistent and dose-dependent decrease in plasma membrane and intracellular ROS even at low particle numbers (Supplemental Fig. 1 ). These results suggest that PI(3)P binding to p40 phox is important for regulating FcgR-activated NADPH oxidase activity in response to IgG-coated particles, both on the macrophage plasma membrane, before particles are internalized, and after their ingestion. Extracellular release of ROS in response to zymosan or SOZ by p40 phoxR58A/R58A macrophages was compared with WT (Fig. 1D) ; intracellular ROS was lower but this reached statistical significance only for SOZ (Fig. 1H) . The greater importance of PI(3)P binding to p40 phox for phagosome NADPH oxidase activity in response to IgG-opsonized particles but not to zymosan is consistent with observations in murine p40 phoxR58A/R58A neutrophils [9, 15] . We also note that for p40 phox2/2 PEMs, it is difficult to attribute the profound loss of enzyme activity in response to particles solely to reduced p67 phox expression, which may thus reflect previously reported PI(3)P-independent functions of p40 phox [10, 13, 14] . We additionally examined macrophage NADPH oxidase activation in response to Pam3CSK4, prototypical TLR2 agonist, the TLR4 agonist LPS, and MSU crystals, a canonical DAMP. DAMPs are endogenous molecules, such as DNA, nucleotides, uric acid crystals, or mitochondrial components that are normally sequestered within cells. Their release during tissue trauma or injury is detected by pattern recognition receptors, such as TLR2 and TLR4, which trigger downstream proinflammatory responses [23] . Whereas we observed inconsistent NADPH oxidase activity in response to LPS (not shown), both MSU and Pam3CSK4 elicited strong plasma membrane NADPH oxidase activity in WT PEMs, which was strongly dependent on the PI(3)P-binding function of p40 phox ( Fig. 2A and B) . Intracellular ROS production was also detected in response to Pam3CSK4 (but not MSU, not shown), which was reduced in both X-CGD and p40 phoxR58A/R58A PEMs (Fig. 2C) . , and p40 phox2/2 PEMs were measured in a luminometer using lucigenin-based chemiluminescence in the absence of any activating stimuli. PEMs were also stimulated with PMA (300 nM), zymosan (70 mg/ml), SOZ (70 mg/ml), or IgG beads (cell: bead ratio = 1:200). *P , 0.05. (C-F) Extracellular ROS production was measured using isoluminol-elicited chemiluminescence in the presence of exogenously added HRP, whereas (G-J) intracellular ROS production was measured using lucigenin in the presence of SOD to quench extracellular ROS production. Assays were run in duplicates with PEMs from each genotype and total integrated responses recorded as RLU/s for over a 1 h interval. Results from 3 independent experiments were normalized to percent of WT activity on that day (1-2 mice/genotype run in duplicates), and combined results from 3 individual experiments are shown as means 6 SD. Statistical differences between groups were calculated using 1-way ANOVA with Dunnett's post-test correction. #P , 0.01, fP , 0.001.
Overall, these results show that PI(3)P binding to the PX domain of p40 phox was essential for intact murine macrophage NADPH oxidase activity on the plasma membrane and in intracellular compartments in response to a TLR2 agonist, MSU crystals, IgG-coated beads, and to a lesser extent, SOZ. PI(3)P also impacts low-level basal NADPH oxidase activity, as reduced plasma membrane ROS release was observed in unstimulated p40
phoxR58A/R58A PEMs. The effect of the p40 phox R58A mutation on macrophage plasma membrane oxidase activity was unexpected. Although most cellular PI(3)P is found on intracellular membranes, PI(3)P can accumulate transiently on the cytoplasmic leaflet of plasma membranes during growth factor-induced membrane-ruffling events in macrophages and during macropinocytosis [32] . Expression of this phosphoinositide has also been detected in adipocyte plasma membranes, as generated by dephosphorylation of PI(3,4)P by specific inositol polyphosphate 5-phosphatases (72-5ptase) [33] . Vieira et al. [8] detected accumulation of PI(3)P during macrophage phagocytosis of IgG-opsonized particles only after sealing of phagosomes. In this study, intracellular chimeric fluorescent probes that encoded Fab-1, YGL023, Vps27, and EEA1 (FYVE) domains were used to detect PI(3)P on phagosome membranes. However, this method may not be sensitive enough to detect smaller amounts of plasma membrane PI(3)P that might be present at the time IgG-coated particles are first engaged. Taken together, our observations suggest that PI(3)P and p40 phox regulate macrophage NADPH oxidase activity both on intracellular membranes, such as phagosomes, and on the plasma membrane, thus influencing ROS release into the extracellular milieu.
Loss of PI(3)P-p40
phox binding dysregulates sterile inflammatory responses in vivo
To examine whether PI(3)P-p40
phox -dependent NADPH oxidase activity regulated inflammatory responses in vivo, we compared sterile peritoneal inflammation in WT and p40 phoxR58A/R58A mice. We studied 3 different models, in which peritoneal inflammation was triggered by zymosan via fungal PAMPs, MSU crystals, a canonical DAMP, or periodate, which results in release of endogenous DAMPs from injured tissue. All cause enhanced inflammation in X-CGD mice, although the underlying mechanisms by which NADPH oxidase deficiency mediates increased inflammation are complex and only partially understood [25, 28, 29, [34] [35] [36] . We investigated specific features of the response to periodate in the most detail, as our prior work identified several components that were dysregulated in X-CGD mice.
To evaluate inflammation induced by peritoneal instillation of zymosan, mice were challenged with 1 mg zymosan and then euthanized after 48 h to determine peritoneal cell numbers and profiles. Compared with WT mice, p40 phoxR58A/R58A mice had significantly elevated peritoneal leukocyte numbers (Fig. 3A) , characterized by increased accumulation of both neutrophils and macrophages ( Fig. 3B and C) . Zymosan is a complex microbial particle from Saccharomyces cerevisiae that signals through Dectin-1 and TLR2 receptors, each of which activates distinct downstream signaling pathways. Previous work described zymosan instillation in CGD mice completely lacking NADPH oxidase activity, as associated with enhanced NF-kB activation and decreased activation of anti-inflammatory NF-E2-related factor 2 (both redox-regulated transcription factors), elevated downstream proinflammatory cytokines, including TNF-a and IL-17, and accumulation of apoptotic neutrophils [29, [34] [35] [36] 37] . We speculate that inflammation in p40 phoxR58A/R58A mice can be WT and p40 phoxR58A/R58A mice were injected with 1 mg zymosan and euthanized after 48 h. (A) Total peritoneal leukocyte, (B) neutrophil, and (C) macrophage numbers are shown as means 6 SD. Combined data from 3 experiments with a total n = 9 mice/genotype are shown. Statistical differences between groups were calculated using Student's t-test. *P , 0.05, **P , 0.01. attributed to similar mechanisms, although more studies are needed to determine which of these pathways are differentially regulated in p40 phoxR58A/R58A mice. Although ROS responses to zymosan were normal in WT and p40 phoxR58A/R58A macrophages, there might be reduced ROS produced by p40 phoxR58A/R58A macrophages or other myeloid cells in response to breakdown products of zymosan and/or DAMPs released from inflamed peritoneal tissue, which then influence inflammatory responses.
Next, we examined DAMP-induced sterile inflammation in p40 phoxR58A/R58A mice to determine the impact of PI(3)P-p40 phoxregulated oxidase activity in this response. IL-1 plays a prominent role in initiating DAMP-induced inflammation [23] , in contrast to zymosan-induced inflammation [38] , and NADPH oxidase-deficient myeloid cells have increased production of IL-1a and IL-1b when activated (summarized in ref. [25] ). We recently showed that the NADPH oxidase limits excessive and prolonged inflammation in DAMP-elicited peritonitis by dampening IL-1a release from peritoneal sentinel macrophages and consequent acute neutrophil mobilization that is mediated by IL-1a-induced G-CSF [25] . The release of DAMPs by injured tissue is detected by pattern recognition receptors, such as TLR2 and TLR4, and NADPH oxidase activation was reduced in p40 phoxR58A/R58A macrophages in response to a TLR2 ligand and to MSU crystals (Fig. 2) . WT and p40
phoxR58A/R58A mice were challenged intraperitoneally, either with MSU crystals (Fig.  4A-C) or sodium periodate (Fig. 4D-F) . In both models, p40 phoxR58A/R58A mice had significantly elevated neutrophil accumulation at 4 h compared with WT mice. Numbers of inflammatory monocytes, although elevated over baseline (not shown), were not significantly different among genotypes. Periodate injection resulted in augmented levels of IL-1a in the peritoneal cavity compared with WT mice (Fig. 4G ), similar to prior findings for X-CGD mice [25] . Furthermore, neutralization of IL-1a abrogated acute-phase inflammatory cell accumulation phoxR58A/R58A (n = 3) mice were injected with 1 ml 5 mM sodium periodate and euthanized 4 h postinjection. Total peritoneal leukocyte (D), neutrophil (E), and monocyte (F) numbers are shown as means 6 SD. Data from 2 independent experiments are shown as means 6 SD (total n = 6/group). (G) IL-1a levels in the peritoneal cavities were estimated, 4 h postperiodate injection by ELISA (n = 3). Data from 1 of 2 representative experiments are expressed as means 6 SD. Mice were injected with anti-IL-1a or isotype control antibodies, 1 h before periodate injection and euthanized after 8 h. (H) Total peritoneal leukocyte counts are shown. Data are expressed as means 6 SD and n = 3/group. Data from 1 of 2 representative experiments are shown. Statistical differences were calculated using Student's t-test. *P , 0.05, ***P , 0.001.
in p40
phoxR58A/R58A mice compared with isotype-injected controls (Fig. 4H) . Thus, as for X-CGD mice, IL-1a was the apical driver of periodate-elicited inflammation in p40 phoxR58A/R58A mice. Whereas IL-1a plays an important role in cellular DAMP-induced inflammation, both IL-1a and IL-1b contribute to the inflammatory response to MSU [39] . In MSU-induced peritonitis, we observed significantly elevated levels of IL-1b, but not IL-1a, in p40 phoxR58A/R58A mice compared with WT mice (Supplemental Fig. 2 ). IL-6 and G-CSF, which are cytokines produced downstream of IL-1R activation, were also significantly increased compared with WT controls (Supplemental Fig. 2 ).
PI(3)P-p40 phox binding is essential for resolution of inflammation
Resolution and restoration of tissue to homeostasis are multistep processes that involves efferocytic clearance of neutrophils, activation of proresolution pathways, and progressive decline in numbers of MoMacs within the inflamed tissue. Persistence of inflammatory MoMacs can lead to chronic inflammation and worsening disease outcomes [40] .
Both p40 phoxR58A/R58A and X-CGD mice had significantly higher numbers of peritoneal leukocytes, 72 h after periodate-induced peritoneal injury compared with WT controls (Fig. 5A) . The observed increase in leukocyte numbers was primarily a result of increased numbers of MoMacs, whereas eosinophils and neutrophils (absolute numbers) were compared with WT mice, although modestly increased in X-CGD (Fig. 5B) . We next examined underlying events that might contribute to the prolonged inflammation in p40 phoxR58A/R58A mice. Activation of iNKT is important for dampening inflammation following periodate-induced peritoneal injury, which was impaired in X-CGD mice [28] (see also Fig. 5C ). However p40 phoxR58A/R58A mouse PEMs could activate iNKT cells with equal efficiency as WT (Fig. 5C ). Other studies implicate accumulation of apoptotic neutrophils in peritoneal cavities of zymosan-challenged X-CGD mice as a factor in prolonging inflammation [29, 41] . There was no significant difference in the number of apoptotic neutrophils present in peritonea of p40 phoxR58A/R58A compared with WT mice, 72 h after periodate challenge (Fig. 6A) . However, the number of efferocytic macrophages in the peritoneal cavity, as assessed by the presence of ingested neutrophils, was increased in p40
phoxR58A/R58A mice compared with WT mice (Fig. 6B ).
This increase might be a result of increased neutrophil accumulation during the acute phase of peritonitis. In preliminary studies from our laboratory, efferocytosis by inflammatory macrophages activated the NADPH oxidase, which was necessary for proper digestion of apoptotic neutrophils. Whether PI(3)P-p40 phox -mediated NADPH oxidase activity regulates clearance of ingested cells and/or persistence of efferocytosing macrophages remains to be investigated. Efficient efferocytic clearance of apoptotic cells has been associated with production of anti-inflammatory mediators and activation of proresolving pathways [42] .
In summary, our studies demonstrate that p40
phoxR58A/R58A mouse macrophages had selective defects in intracellular ROS production, as well as unexpected reductions in plasma membrane NADPH oxidase activity. Thus, p40 phox binding to PI (3)P is an important regulatory step for ROS production in macrophages. Moreover, p40
phoxR58A/R58A mice exhibited dysregulated responses in sterile peritonitis elicited by PAMP-or DAMP-associated ligands. In periodate-elicited peritonitis, augmented acute-phase peritoneal IL-1a and neutrophil recruitment was followed by significant accumulation of inflammatory macrophages at later stages in inflammation in p40 phoxR58A/R58A mice, similar to findings in X-CGD mice [25] . Of note, a new phoxR58A/R58A mice is characterized by increased numbers of peritoneal macrophages and delayed efferocytosis. Peritoneal leukocyte differential counts from naïve WT and p40 phoxR58AR58A mice, 72 h postperiodate injection (n = 3/group). Data (means 6 SD) from 1 of 5 experiments of n = 3 each are shown. Statistical differences were calculated using Student's t-test. **P , 0.01, ****P , 0.0001. (B) Cytospins from 72 h exudate lavage from A were analyzed and total numbers of different leukocyte subsets calculated. Data (means 6 SD) from 1 of 5 experiments of n = 3/ genotype are shown. *P , 0.05, #P , 0.01. (C) Activation of iNKT hybridoma cell lines 3C3 and 2C12 by 72 h PEMs was determined by measuring IL-2 production in cocultures after 24 h (n = 3/genotype in duplicates). iNKT activation (IL-2 production) was determined by ELISA. Data (means 6 SD) from 1 of 3 experiments with n = 2-3/ genotype are shown. *P , 0.05.
report by Winter et al. [43] also demonstrated a worse disease outcome in p40 phoxR58A/R58A mice using a model of collageninduced arthritis. In conclusion, our studies identify an important role for PI(3)P-regulated NADPH oxidase activity in down-regulating the magnitude of acute inflammatory responses in vivo and shed mechanistic insight on some of the dysregulated cytokine mediators that augment inflammation in p40 phoxR58A/R58A mice. 
